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Abstract. Ion motion in plasma wakefield accelerators can cause temporal
increase of the longitudinal electric field shortly before the wave breaks. The
increase is caused by re-distribution of the wave energy in transverse direction
and may be important for correct interpretation of experimental results and
acceleration of high-quality beams.
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1. Introduction
Controllable electric fields in plasmas can exceed those
in radio-frequency accelerating structures by orders of
magnitude, and this ability promises size reduction of
future particle accelerators. Of particular interest in
this context is wakefield acceleration [1–5], in which
the field is excited in the plasma for a short time
between passage of the drive beam (laser pulse or
particle bunch) and the accelerated witness beam.
The time interval between driver and witness is
usually one or two periods of Langmuir wave. It is too
short for heavy plasma ions to respond, so only plasma
electrons participate in wave formation, while ions
remain immobile. However, there are cases in which
ion motion becomes important. These are very intense
drivers or witnesses that perturb the ion background
during a single wave period [6–10] and long drivers that
resonantly excite the plasma wave during many wave
periods [11–14]. Our study refers to the second case.
The effect of ion motion on the plasma wave
is usually destructive. Ion density perturbations
cause phase mismatch of electron oscillations and
wavebreaking [13–17]. However, at certain conditions,
the ion motion results in increase of the longitudinal
electric field near the axis. The increase is not drastic,
about 20%, but this value may be important for correct
interpretation of experimental results and acceleration
of high-quality witnesses. We describe the discovered
effect in Sec. 2 and suggest its explanation in Sec. 3.
2. Wakefield enhancement
The effect of wakefield enhancement was first noticed
in numerical simulations of the AWAKE experiment.
In AWAKE [18–20], a long proton bunch undergoes
seeded self-modulation in the plasma [21–23] and
transforms into a train of short micro-binches that
resonantly drive the plasma wave [24,25]. The number
of micro-bunches depends on the plasma density and is
typically about one hundred, so the plasma wave exists
sufficiently long to move the ions. For this reason,
AWAKE simulations usually include ion motion.
In simulations of various AWAKE regimes, the
longitudinal electric field Ez on the axis reaches higher
values if ions are allowed to move (Fig. 12 in [26]).
Figure 1 illustrates the effect for plasma and beam
parameters listed in Table 1. The proton beam density
before entering the plasma at z = 0 is
nb =
nb0
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2pi < ξ < 0, (1)
and zero otherwise. Here ξ = z − ct is
the co-moving coordinate, and c is the speed of
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Figure 1. Dependence of the on-axis electric field Ez on the co-
moving coordinate ξ at z = z0 for immobile (orange) and mobile
(blue) ions.
Table 1. Parameters of the illustration variant.
Parameter & notation Value
Plasma density, n0 7× 1014 cm−3
Distance to observation point, z0 5 m
Plasma ion-to-electron mass ratio 157 000
Maximum beam density, nb0 6.9× 1012 cm−3
Beam half-length, σzb 7 cm
Beam radius, σrb 0.2 mm
Beam energy, Wb 400 GeV
Beam energy spread, δWb 0.35%
Beam normalized emittance, bn, 3 mm mrad
light. The half-cut cosine profile (1) mimics plasma
creation with rapid ionization of a neutral gas by a
short laser pulse that co-propagates with the beam
centroid. Simulations are made with quasi-static two-
dimensional (axisymmetric) code LCODE [27,28].
As we see in Fig. 1, the field enhancement is
strongest shortly before wavebreaking, after which the
longitudinal field quickly degrades in case of mobile
ions. The effect cannot come from narrow field spikes,
as the wakefield potential (in which all local spikes are
averaged out) reveals the same trend.
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Figure 2. Ion density perturbation at z = z0.
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Figure 3. Longitudinal (a,b) and radial (c,d) components of the energy flux density ~S in the co-moving window for immobile (a,c)
and mobile (b,d) ions. Black arrows show directions of energy flow.
3. Cause of wakefield enhancement
The onset of wakefield enhancement obviously corre-
lates with visible perturbations of the ion density ni
(Fig. 2). The density increases near the axis and de-
creases off-axis, which is typical for wakefields of nar-
row drivers [13,15–17]. This density profile is known to
distort wave fronts, which causes energy transfer from
longitudinal to transverse oscillations [16]. Therefore,
the increase of wave front curvature cannot account for
the growth of the longitudinal field.
The effect comes from spatial redistribution of the
wave energy. To make it visible, we look at the energy
flux density in the co-moving frame [29]
~S =
∑
i
(γi − 1)mic2(~vi − c~ez)− c~ezE
2 +B2
8pi
+
c
4pi
[
~E × ~B
]
, (2)
where mi, ~vi, and γi are mass, velocity, and relativistic
factor of plasma particles, the summation is carried
out over plasma particles in the unit volume, ~E and
~B are electric and magnetic fields, and ~ez is the unit
vector in z-direction. The energy in the co-moving
window predominantly flows against z-direction, so the
component Sz shows where the wakefield energy is
(Fig. 3). Unlike the usual energy density, the energy
flux density Sz does not oscillate with the plasma
frequency [17], which eases visualisation.
In the case of immobile ions, the energy remains at
almost the same radial positions where it was delivered
to the plasma by the beam [Fig. 3(a,c)], which is typical
for weakly nonlinear waves [29]. If ions are allowed
to move, there appears energy redistribution along
the radius [Fig. 3(b,d)]. This is indeed the energy
redistribution, as there is almost no beam in this region
(|ξ| & 14 cm = 2σzb), and the total energy flux
Ψ(ξ) =
∫ ∞
0
Sz2pir dr (3)
is conserved. The energy concentrates near the
axis and amplifies the wakefield amplitude there
(Fig. 4). The effect dominates over energy transfer
to the transverse field component [which certainly
takes place, Fig. 4(d)], and we observe the overall
enhancement of the longitudinal field [Fig. 4(c)].
Similar redistribution of energy may be responsible
for temporal increase of the on-axis electric field
immediately after wave-breaking in the case of laser-
driven wakefield (Fig.1(b) of [17]).
Figure 3 contains another interesting feature not
related to amplitude enhancement. After the wave
breaks at |ξ| ≈ 18 cm, the longitudinal energy flux
disappears [Fig. 3(b)], because the wake energy goes
away in radial direction with high-energy electrons that
appear after wave-breaking [Fig. 3(d)].
The question, however, remains why the wave
energy drifts radially on this ion background. We have
no answer yet. Apparently, this is not simply related to
the ion density gradient, as gradients of both signs are
present in the system, and we do not observe energy
drift in different directions.
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